A series of 13 benzothiazolium iodide salts have been prepared in solvent-free conditions by optimizing the reaction. An additional 26 benzothiazolium salts with bistrifluoromethanesulfonimide and trifluoromethylsulfonate were prepared via simple metathesis reactions from the iodide precursors. Out of a total of 39 prepared salts, 26 were identified as ionic liquids, with melting points as low as 42 o C observed for dodecylbenzothiazolium bistrifluoromethanesulfonimide. All prepared compounds have been characterized using FTIR, 1 H,
Introduction
It is now generally recognized that chemistry is one of the key sciences able to impact the environment in both a positive and negative fashion. As a result there is a growing awareness that the design of synthetic, or chemical processes, should follow the basic principles of green chemistry to reduce risks to humans and the environment. 1, 2 Among several aspects of green chemistry, the reduction/replacement of volatile organic solvents from the reaction medium is of utmost importance 3 and one strategy that is now emerging is the use of low melting organic salts, called ionic liquids (ILs, currently defined as salts which melt below 100 o C), as alternative solvents. 4 Over the last two decades a lot has been learned about ILs, allowing a more balanced discussion about their possible 'greenness'. Many ILs have interesting properties that often can be tuned for particular applications just by simple variation of the constituent ions. In several cases ILs can have properties such as high thermal stability, low viscosity, high polarity, and low melting points that can be advantageous when considering ILs as volatile organic compounds replacement. In this light the growing interest in the use of ILs in organic synthesis as solvents, catalysts or reagents is expanding rapidly and this research field has been recently extensively reviewed by Martins et al., 5 As these authors point out, since the initial reports of the use of ILs in organic synthesis, ILs are finding more and more applications in various organic reactions including homogenous and heterogeneous catalysis, transition-metal mediated catalysis, or even as solvents in bioorganic reactions. Nonetheless, it is equally clear that not all ILs have these properties and indeed some can be quite toxic or not suitable for particular processes. We have therefore been searching for new classes of compounds which might exhibit IL behavior in hopes of developing more benign solvents.
One class of potential cations of interest is based on benzothiazolium. Current literature reports of the use of this cation are limited, [6] [7] [8] [9] but it has been suggested that benzothiazolium salts posses catalytic activity 10 in certain organic reactions 11 such as benzoin condensations. 12, 13 Benzothiazoles have also found many applications in the field of dyes 14 (e.g., direct yellow 7 15 ) and in medicine where benzothiazolium salts play an important role in pharmaceuticals (e.g., Riluzole 16 is a benzothiazole-based drug that is used to treat amyotrophic lateral sclerosis). Our objective for the work presented here, was to prepare a family of benzothiazolium-based salts utilizing solvent-free synthesis and at the same time expand the pool of available benzothiazolium salts by incorporation of different organic anions. In addition, from an IL point of view, the use benzothiazolium-based salts over the now commonly used imidazolium-based ILs, could offer cost savings (cheaper starting materials and facile syntheses) making them attractive to explore. 17 Here we report the use of solvent-free methods for the quaternization of benzothiazole with a series of alkyl halides where no excess of reactant is being used while at the same time allowing for almost quantitative yield of the obtained products. Thirty nine N-alkylated benzothiazolium salts were prepared with various alkyl chain lengths (C1-C12) and paired with anions such as I C, but none of the Nalkylbenzothiazolium chlorides attempted could be isolated in satisfactory yields. By contrast Nalkylation of benzothiazole was successful using several different alkyl iodides under the optimized and relatively convenient conditions reported here. While we did not employ alkyl bromides in these reactions, we do believe based on our preliminary results that the use of alkyl iodides was dictated by their much higher reactivity than their bromide or chloride analogs.
Although many literature methods are available for the synthesis of N-alkyl benzothiazolium iodides they require long reaction times, 18, 19 use of excess alkyl halide 20 and the use of a solvent in order to obtain close to 100% yields. 21 Our initial attempts to synthesize N-methylbenzothiazolium iodide using solvent-free conditions in the reaction of benzothiazole with iodomethane at different temperatures were successful, but the yield of the product was not comparable with the previously reported method. 22 We then performed the reaction under ultrasonic irradiation at room temperature with equal mole ratios of reactants and without solvent resulting in 99.8% yield after 1 h (Table 1) . Unfortunately, using these conditions with longer chain alkyl iodides gave unsatisfactory product yields (average c.a. 20%). For these syntheses, conventional heating and stirring method was used and optimization of the reaction conditions led to good yields without use of solvents and with equal mole ratios of the reactants.
Thirteen N-alkylbenzothiazolium iodide salts were obtained using temperatures from 30 to 200 o C, depending on the alkyl halide chain length, for 2 h to 9 h; (Scheme 1; Table 1 ). The reaction protocol was similar to that reported by Hor et al., 22 for the solvent-free synthesis of five examples of N-alkylbenzothiazolium halides (including 2a, 3a, and 5a reported here), with the difference that the reaction times reported by Hor et al. were from overnight to 24 h with temperatures between room temperature and 80 o C. In general, the yields varied between 75 and 99%. Each salt was analyzed by 1 H and 13 C NMR, FTIR, HRMS, and thermal analyses (DSC and TGA). Three of the iodide salts (12a, 13a, 14a) were successfully crystallized and single crystal X-ray diffraction analysis was carried out. (4); isoC3H7 (5); C4H9 (6); C5H11 (7); C6H13 (8); C7H14 (9); C8H17 (10); C9H19 (11); C10H21 (12); C11H23 (13); C12H25 (14) . (Syntheses of iodide salts 2a-9a, and 14a, and trifluoromethanesulfonate salts 2c and 9c have been previously reported, but the data available is limited to spectroscopic results without physical characterization. [23] [24] [25] Plots with thermal ellipsoids (50 % probability) shown for crystal structures of 12a (top), 13a (middle) and 14a (bottom).
The ions pack in a bilayer-type structure with the alkyl chains interdigitated and the cation head groups and iodide ions forming a polar region. This type of packing has been observed previously in long alkyl chain imidazolium ionic liquids, 26 as well as other similar molecules with polar head groups and long non-polar alkyl chains. 27 There is no pi-stacking between cationic head groups. 
Synthesis of N-alkyl benzothiazolium [NTf2] -(b) and [CF3SO3] -(c) salts
After successful preparation and purification of the iodide salts, solvent (acetone) assisted ion exchange metathesis reactions [28] [29] [30] 
Spectroscopic analyses
All 39 reported benzothiazolium salts (2-14(a-c)) were analyzed using FTIR, NMR, and HRMS in order to confirm their purity and structure. The FTIR spectroscopic data (presented in the experimental section) are in agreement with the few examples of previously reported Nalkylbenzothiazolium iodides. 33 The most intense and characteristic bands in FTIR spectra of the benzothiazolium core appear around 3000 cm -1 (C-H from Ar-H stretch), 2852-2924 cm -1 (C-H from CH2 stretch), 1635-1578 (C=C), 1509-1524 cm -1 (C=N), 1428-1467 cm -1 CH3 asymmetric deformation and CH2 deformation) and 757-781 cm -1 (skeletal "out of plane" vibration). It was observed that the intensity of the aliphatic C-H absorption bands increased with the length of the N-alkyl chain and appeared in the 2826-2994 cm -1 region. The mass spectra were recorded in CH3OH solutions using a high resolution AutoSpect-Ultima NT Mass Spectrometer. It is obvious from the spectra that the molecular ion peaks are present corresponding to the cation structure of all the quaternary ammonium salts. The results are included in the experimental section.
Thermal analyses (TGA, DSC)
The thermal stabilities of the obtained salts were assessed using thermogravimetric analysis (TGA). In general all analyzed compounds exhibited onset decomposition temperatures (T5%dec) above 140 o C. The thermal stabilities varied slightly with changes in the length of the alkyl chain, but greater variation was noted when changing the anion with the [NTf2]
-salts being the most stable. 34 [ §] Melting (mp) or glass transition (Tg) points (°C) were measured from the transition onset temperature and determined by DSC from the second heating cycle at 10 °C min -1 , after initially melting and then cooling samples to -100 °C. Decomposition temperatures shown were determined by TGA, heating at 10 °C min -1 under dried air atmosphere and are reported as (i) onset to 5 wt% mass loss (T5%dec) and (ii) onset to total mass loss (Tdec) (in parentheses). Salts meeting the definition of ionic liquids (mp < 100 °C) are in bold; [a] Sample exhibits additional glass transition temperatures (°C) of supercooled liquids (i) with consecutive crystallization and melting on heating; 3b, -42.7; 4b, -48.1; 4c, -17.3; 5c, -5.2; 6c, -4.4;7a, 2.3; 7b, -51.2; 8b, -47.6; 9b, -42.8; 10b, -43.5; 11b, -49.1; 12b, -58.2; 13b, -45.2; 14b, -48.1; ( o C); (ii) with no crystallization and melting under experimental conditions: 3c, -5.2; 5a, 2.4; 7c, -3.2; 8c, -6.5; 9a, -5.6; 9c, -10.1; 10a, -2.3; 10c, -7.2; 11a, 5.5; 11c, -9.1;12a, -5.6; 12c, -11.2; 13a, -5. -salts, 5b had the lowest thermal stability (244 o C). Melting points were obtained using differential scanning calorimetry (DSC). All melting points were collected twice on different samples. Some of the crystalline salts exhibited a sharp melting transition on heating, and a crystallization event on cooling, however, the majority of the salts exhibited supercooled behavior, not allowing any direct observation of a crystallization event on cooling from the melt. For many of these samples, the melting transitions were poorly defined in the DSC, commonly having a characteristic broad transition with a strong "leading edge". (Such behavior has been previously observed for other examples of IL-forming salts. 35 ) A few of the samples exhibited even more interesting behavior giving irreversible thermal transitions observable only during the first DSC heating cycle. The melting points and glass transitions for 2-14(a-c) are shown in (Table 2) .
Among all analyzed salts, those of the [NTf2] -anion exhibited the lowest melting points as it is often observed for salts with this anion. 36 In this series of compounds, the melting points of the -salts. In general across all the salts, the melting points decreased as the alkyl chain length increased, reaching a minimum melting point for all three families of salts with an alkyl chain length of 7 carbon atoms: 65. 
Conclusions
Thirteen N-alkylated benzothiazolium iodides salts were prepared (4 compounds, 10a, 11a, 12a, and 13a, for the first time) using various alkyl iodides and solvent free conditions. Optimization of each reaction, primarily the reaction temperature, afforded good yields of these salts comparable or better to those previously reported. 24, 25, 37 The yields were found to increase with increasing chain length of the alkylating agent. The iodide salts 2-14a were further used in ion exchange reactions to prepare the related [NTf2]
-(2-14b) and [CF3SO3] -(2-14c) salts with almost quantitative yields. All prepared compounds were analyzed using spectroscopic and thermal techniques in order to evaluate their composition and thermophysical properties such as melting point and decomposition temperature. Among all of the 39 analyzed compounds, 26 can be classified as ionic liquids with melting points below 100 o C. The lowest melting point was recorded for dodecylbenzothiazolium bistrifluoromethanesulfonimide (14b; 42 o C).
Three crystal structures of long chain alkylbenzothiazolium iodides were analyzed (12-14a). All three are virtually isostructural and pack in a bilayer-type arrangement with the alkyl chains interdigitated and the cation head groups and iodide ions forming a polar region. Such packing characteristics have been observed previously in long alkyl chain imidazolium ILs, as well as other similar molecules with polar head groups and long non-polar alkyl chains.
Experimental Section
General. All reagents and chemicals were obtained from Sigma-Aldrich (St. Louis, MO). Solvents were of analytical grade. Reactions were monitored by thin layer chromatography using 0.20 mm aluminum-backed Silica Gel plates (Merck GF254). The plates were eluted with ethyl acetate/n-hexane in 1:2 ratio and the spots examined under UV light (254-365 nm). FTIR spectra were recorded on a Perkin Elmer FTIR Spectrum RX I. Characteristic absorptions are given in cm -1 . 1 H NMR and 13 C NMR spectra were recorded in CD3OD on Bruker instruments of 500 MHz and 125 MHz, respectively. Chemical shifts are reported as δ values in ppm using TMS as the internal standard. Coupling constants (J) are given in Hz. High resolution mass spectra (HRMS) were recorded on Autospec-Ultima NT.
Synthesis of quaternary ammonium salts
The general method used for the synthesis of quaternary ammonium salts of benzothiazole was as follows: a solution of benzothiazole and the corresponding alkyl iodide, in equimolar quantities, was stirred and heated in a dry 10 mL round bottom flask fitted with a reflux condenser carrying a CaCl2 drying tube at the other opening end. The heating temperature range and the time required for each salt is mentioned in Table 1 . After the desired time, the reaction mixture was slowly cooled which in most cases solidified or became a thick semi-solid mass. The crude products were triturated with ethyl acetate and filtered. The starting materials were freely soluble in ethyl acetate in contrast to the products which were sparingly soluble in this solvent, allowing for efficient purification. In most of the cases, a precipitate of the product was readily obtained just after the dissolution, while in a few cases the mixture was put in a freezer for precipitation. The filtered crude products were washed with ethyl acetate several times to remove the unreacted material and any colored impurities. The purified products were dried under vacuum and recrystallized by dissolving in either hot ethyl acetate or acetone, however, only a few of the salts could be crystallized in this way. The crystals/precipitates obtained were dried under vacuum at room temperature. TGA analysis confirmed that only salts 2a, 9a, and 11a contained any water (~2% w/w) and this was removed from the salts by isothermal heating at 75 o C for 30 min. 
N-Methylbenzothiazolium iodide (2a

Metathesis reactions
The anion exchange of the prepared quaternary benzothiazolium iodide salts was carried using the following protocol: 1 g of compound, 10 mL of acetone and an equivalent amount of the anion salt (Li[NTf2] or Na[CF3SO3]) were added followed by stirring at room temperature for 4 to 6 h. After successful anion exchange and purification of the compound by drying, the compounds were extracted with anhydrous ethyl acetate (absolute ethanol where necessary) and the new salts isolated. Completion of the purification step was monitored by silver nitrate halide tests. The anion exchange reactions gave the desired products in yields above 80%. 
N-Methylbenzothiazolium bistrifluoromethanesulfonimide (2b
N-Hexylbenzothiazolium bistrifluoromethanesulfonimide (8b
Thermal analysis
For most of the salts (excluding 2a, 3a, 4a, and 2c for which the melting points were analyzed visually with triplicate measurements), melting points were determined by differential scanning calorimetry (DSC) using a TA Instruments model 2920 Modulated DSC (New Castle, DE) cooled with a liquid nitrogen cryostat. The calorimeter was calibrated for temperature and cell constants using indium (mp 156.61 °C, ∆H 28.71 J/g). Data were collected at constant atmospheric pressure, using samples between 10-20 mg in aluminum sample pans. Experiments were performed with heating at a rate of 10 °C/min. The DSC instrument was adjusted so that zero heat flow was between 0 and -0.5 mW, and the baseline drift was less than 0.1 mW over the temperature range 0-180 °C. An empty sample pan was used as reference. Thermal decomposition temperatures were measured in the dynamic heating regime using a TGA 2950 TA TGA. Samples between 5-15 mg were heated from 40-500 °C with isocratic heating rate at 10 °C/min under an air atmosphere. Decomposition temperatures were determined from both (i) the onset to 5 wt% mass loss (T5%dec), which provides a more realistic representation of thermal stability at elevated temperatures, and (ii) from the onset to complete decomposition (Tonset).
Single crystal X-ray diffraction analyses
Samples were recrystallized from ethyl acetate by slow evaporation. Single crystals suitable for X-ray analysis were isolated in air, mounted on fibers, and transferred to the goniometer. Singlecrystal X-ray diffraction data were collected on a Bruker CCD area detector-equipped The crystals of 12a, 13a, and 14a were cooled to -100 o C under a nitrogen gas stream during data collection. Absorption corrections were made with SADABS, and SHELXTL software was used for structure solution and refinement. 38 Each structure was refined by using full-matrix least-squares methods on F 2 . All atoms were readily located and the positions of all non-hydrogen atoms were refined anisotropically, where all hydrogens were located in calculated positions riding on the bonded atom. Disorder was found to be pronounced in the even-numbered chains for alkyl-substituted crystals (12a and 14a, 60/40 % and 75/25 %, respectively) compared with the odd-numbered N-undecyl-substituted species, 13a. Disordered atoms were refined in alternate least squares cycles. Crystallographic data (excluding structure factors) for the structures in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary information; CCDC 750157, CCDC 750156 and CCDC 750158. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
